Shape-memory polymers represent a promising class of materials that can move from one shape to another in response to a stimulus such as heat. Thus far, these systems are dual-shape materials. Here, we report a triple-shape polymer able to change from a first shape (A) to a second shape (B) and from there to a third shape (C). Shapes B and C are recalled by subsequent temperature increases. Whereas shapes A and B are fixed by physical cross-links, shape C is defined by covalent cross-links established during network formation. The triple-shape effect is a general concept that requires the application of a two-step programming process to suitable polymers and can be realized for various polymer networks whose molecular structure allows formation of at least two separated domains providing pronounced physical cross-links. These domains can act as the switches, which are used in the two-step programming process for temporarily fixing shapes A and B. It is demonstrated that different combinations of shapes A and B for a polymer network in a given shape C can be obtained by adjusting specific parameters of the programming process. Dualshape materials have already found various applications. However, as later discussed and illustrated by two examples, the ability to induce two shape changes that are not limited to be unidirectional rather than one could potentially offer unique opportunities, such as in medical devices or fasteners.
A rubber band, which is a polymer network, can be elastically deformed and will snap back into its original shape as soon as the external stress is released. Polymer networks in their rubbery state consist of covalently cross-linked flexible polymer chains that are oriented from a coiled state during deformation. The recovery of the original shape is driven by regaining the entropy that was lost when chains were oriented (1) . Primarily, the shape of a polymer network is defined by its chemical cross-links (netpoints). Depending on the type of chain segments, different macroscopic domains can be formed having individual transition temperatures (T trans ), like glass transition (T g ) and melting (T m ) temperatures (2) . When a polymer network is cooled below a T trans of a specific domain, this domain is solidified and in this way forms physical cross-links. These physical cross-links can dominate the netpoints, so that a new shape can be fixed. In dual-shape materials (3) (4) (5) (6) (7) (8) , which have found various applications (9) (10) (11) (12) , this effect is used for temporary fixation of a second shape by deformation of the polymer network and subsequent cooling under stress. The original, memorized shape can be recovered by reheating above T trans .
As a structural concept for triple-shape polymers, we selected polymer networks able to form at least two segregated domains. Although the original shape (C) is defined by netpoints resulting from the cross-linking reaction, shapes A and B are created by a two-step thermomechanical programming process. Shape B is determined by physical cross-links associated to the highest transition temperature T trans,B , and shape A relates to the second highest transition temperature T trans,A .
To examine the generality of this approach, two polymer networks differing in their polymer architecture were developed (Fig. 1) . The first polymer network system, named MACL, contains poly(-caprolactone) (PCL) segments and poly(cyclohexyl methacrylate) (PCHMA) segments. Both types of polymer chain segments form links between netpoints and contribute in this way to the overall elasticity of the polymer network. In the second polymer network system, called CLEG, PEG segments are introduced as side chains having one dangling end and PCL segments connect two netpoints and mainly determine the elasticity of the polymer network. In CLEG networks, T trans,B and T trans,A are melting temperatures; in MACL, T trans,A is a melting and T trans,B a glass transition temperature. Both polymer systems are prepared by photoinduced copolymerization of a methacrylate-monomer and poly(-caprolactone)dimethacrylate (PCLDMA) (13) as cross-linker. A number average molecular weight M n of 10,000 g⅐mol Ϫ1 was selected for PCLDMA to obtain highly elastic polymer networks and a comparatively high melting temperature of crystalline PCL domains (T m,PCL ), which is expected to be between 50°C and 60°C (14, 15) . In CLEG networks, PEG monomethylether-monomethacrylate (M n of 1,000 g⅐mol Ϫ1 and a T m of 38°C) is used as a methacrylate monomer aimed at a melting temperature of crystalline PEG domains (T m,PEG ) lower than T m,PCL .
Results
Thermal and Mechanical Properties. For CLEG networks, two separate melting transitions can be observed in differential scanning calorimetry (DSC) (Fig. 2) . T m,PEG ϭ T trans,A increases from 17°C to 39°C with growing PEG content, and T m,PCL ϭ T trans,B is slightly Ͼ50°C. Moreover, a T g for amorphous PCL and PEG domains can be detected around Ϫ60°C for all CLEG networks containing at least 30 wt % PCL. MACL networks are synthesized by the copolymerization of PCLDMA with cyclohexyl methacrylate and have a T m,PCL ϭ T trans,A of Ϸ50°C. The T g of PCHMA domains, T g,PCHMA ϭ T trans,B , is Ϸ140°C, which is in accordance with the T g of high-molecular-weight PCHMA (16) , and could be detected by dynamic mechanical analysis at varied temperature for PCLDMA contents up to 45 wt % in the reaction mixture. MACL networks containing Ͼ20 wt % PCL also show a T g of amorphous PCL domains below Ϫ60°C. The occurrence of two thermal transitions, T trans,A and T trans,B , confirms the existence of the required two segregated phases.
The mechanical properties of the networks were determined by tensile tests at temperatures T low , T mid , and T high . For MACL networks Ϫ10°C, 70°C, and 150°C, and for CLEG networks 0°C, 40°C, and 70°C were selected. The temperatures were chosen in a way that heating from T low to T mid recovers shape B and further heating to T high finally recovers shape C. Sufficient elastic properties needed for triple-shape programming of the sample without breakage at T high and T mid , indicated by values for the elongation at a break of at least 90%, are obtained for all polymer networks having PCLDMA cross-linker contents of at least 30 wt % in the reaction mixture. Values for the Young's modulus decrease with increasing temperature showing the softening of the samples by exceeding a certain T trans .
Triple-Shape Properties. In the beginning of the two-step programming process for creating shapes B and A, the polymer network is heated to T high , at which the material is in an elastic state, and is deformed. When the material is cooled to T mid and external stress is maintained, physical cross-links are established. In MACL networks these cross-links are formed by freezing the PCHMA domains; in CLEG networks, the cross-links are formed by partially crystallizing the PCL segments. Releasing the external stress results in shape B. In the second step, shape A is created. The sample, which presently is in shape B, is further deformed at T mid . Cooling under external stress to T low leads to a second set of physical netpoints: Crystalline domains are formed by PCL segments in MACL networks and by PEG segments in CLEG networks. These new physical cross-links stabilize shape A, which the material takes when the external stress is released. Reheating to T high recovers shapes B and C sequentially.
For characterization of the triple-shape effect a specific cyclic, thermomechanical experiment was developed (see Materials and Methods). In each cycle, the two additional shapes (B and A) are created by a two-step uniaxial deformation, followed by recalling shape B and finally shape C. A typical result obtained from cyclic, thermomechanical tests for a MACL network is shown in Fig. 3a . The triple-shape functionality requires pronounced physical cross-links from both domains, defining a composition range in which phase-segregated polymer networks show triple-shape properties. For MACL networks, the recovery of two distinct shapes is observed for PCL contents between 40 and 60 wt %; for CLEG networks recovery is observed between 30 and 60 wt %. If the pure PCL homonetwork or a CLEG network with a low PEG content is programmed, shape B cannot be recovered. For these networks, the material goes immediately to shape C when T m,PCL is reached. A slight contraction within a broad temperature interval between 23°C and 53°C is caused by PCL crystallites melting in a temperature interval that is lower than T m,PCL (Fig. 4a) .
In CLEG networks, shape B is fixed by crystalline PCL domains. When shape A is created, a deformation is performed at T mid , which is below T m,PCL . Thereby flexible, amorphous PCL chain segments are oriented, which can lead to strain-induced crystallization of these segments. To investigate the influence of strain-induced crystallization of PCL segments on shape B as well as on the recoverability of shape C, an additional thermomechanical experiment was performed with a PCL homonetwork. This homonetwork was selected to exclude the influence of semicrystalline PEG (Fig. 4b) . The experiment consisted of a sequence of two slightly different thermocycles. In the first cycle, the influence of a deformation after fixation of a temporary shape by crystalline PCL domains was investigated. The temporary shape was fixed analogously to the first step of triple-shape experiments, with B 0 ϭ 50%, resulting in B after cooling to a T mid of 40°C and unloading of the sample. At this point, the sample was further elongated by an additional 50%, resulting in a total of ϭ 100%. Subsequent unloading to a stress of 0 MPa resulted in an additional contribution to B of Ϸ15% fixed strain, which could be explained by the formation of additional PCL crystallites. This effect stays unchanged after repeating the loading-unloading process an additional time. Cooling to T low ϭ 0°C followed by reheating to 70°C results in complete recovery of shape C. The second thermocycle was performed to analyze the inf luence of low-melting-temperature PCL crystallites formed under strain at 100% by cooling to 0°C. For this purpose, the procedure of the first cycle is repeated up to the point when the sample is deformed for the second time to ϭ 100%. This time the stress is kept constant while the sample is cooled to T low ϭ 0°C. This process leads to a further increase of the fixed strain by 10%, resulting in an overall additional fixed strain of 25%, which is caused by formation of low-melting-temperature PCL crystallites. In the following heating process, a slight contraction (related to this additional 10% fixed strain) of the sample in a broad temperature interval between 15°C and 53°C can be observed as discussed before for Fig. 4a . Further heating to T high ϭ 70°C finally leads to a complete recovery of shape C. At this point, crystallites generated by cooling under strain and by strain-induced crystallization are melted.
From the results of this thermomechanical experiment, it can be concluded for the triple-shape programming of CLEG networks that additional PCL crystallites are formed by strain-induced crystallization during the creation of shape A. These PCL crystallites contribute to the fixed strain of shape B and lead to an increase of B . In addition to PEG crystallites, the formation of low-meltingtemperature PCL crystallites during cooling from T mid ϭ 40°C to T low ϭ 0°C contributes to the fixation of shape A.
Cyclic, thermomechanical experiments allow the quantification of the triple-shape effect, including determination of the shape fixity ratio [R f (X3Y)] and the shape recovery ratio [R r (X3Y)]. R f (X3Y) is a measure for the fixability of shape Y after thermomechanical programming starting from shape X (8). R r (X3Y) describes to what extent shape Y can be recovered starting from shape X (12) . R f (X3Y) and R r (X3Y) are the average values for cycles 2-5 (the first cycle is needed to delete the thermomechanical history originating from sample preparation).
All polymer networks listed in Table 1 are triple-shape materials. R f (C3B) for CLEG networks increases with increasing PCL content, which supports the fixation of shape B. Accordingly, the contrary tendency can be found for the dependence of R f (B3A) from the PCL content. An analogous trend can be found for MACL networks, where R f (C3B) increases with increasing content of the component forming the domain related to T trans,B , in this case PCHMA. All values for R f (C3B) for CLEG networks are Ͼ90%. R f (C3B) for MACL networks is lower, especially in case of high PCL contents. This different behavior of the two polymer network systems can be explained by the network architecture. The overall elasticity in CLEG networks is determined only by PCL segments, whereas in MACL networks both segment types contribute to the elasticity. When a sample of MACL networks is deformed at T high ϭ 150°C, both segment types are oriented. Cooling to T mid ϭ 70°C solidifies only PCHMA domains. Because T mid is above T m,PCL , the elastic deformation of PCL segments is recovered when the stress is released and thereby reduces R f (C3B).
All triple-shape materials show almost complete total recovery R r (A3C). For CLEG networks, values for R r (A3B) decrease with increasing PCL content. This could be explained by additional strain-induced crystallization of amorphous PCL shown are Ϯ SD. The two-digit numbers in parentheses given for the sample IDs are the content of PCLDMA in the reaction mixture in wt %. chain segments as described before. For MACL networks, values for R r (A3B) are higher compared with the CLEG networks and increase with growing PCL content as expected. The stability of shape B after recovering from shape A as an important characteristic of a triple-shape material is demonstrated by interrupting the recovery heating run at T mid and keeping this temperature for 48 h. The elongations of the tested samples did not change unless the temperature is increased afterward to T high .
For a triple-shape polymer with a given shape (C), it is possible to create different shapes (A and B) by a variation of B 0 and A 0 in the programming process, as demonstrated for a CLEG network (Fig. 3b) . In two experiments, B 0 is 50%, whereas A 0 is varied. In both cases, the recovered shapes (B) have the same elongation and are therefore independent from the programmed shape (A). For the two experiments with A 0 ϭ 100%, shape B is varied. Here the recovered shapes (B) have different elongations. Independent from the programming of shapes A and B, the identical shape (C) is recovered for all samples.
All investigated materials showing a triple-shape effect also can be used as dual-shape materials by performing dual-shape experiments (17) either between T low and T mid using T trans,A or between T mid and T high using T trans,B . Vice versa, not all materials with two domains exhibiting independent T trans,A and T trans,B show a triple-shape effect, as could be demonstrated for polymer networks CL(70)EG (Fig. 4a) and CL(80)EG. Although these polymer networks show two independent dual-shape effects using either T m,PEG or T m,PCL , they do not show a triple-shape effect. A variety of approaches for polymer networks with two thermal transitions get a dual-shape effect, but none of them has demonstrated the triple-shape effect (3, 8, 18, 19) 
Conclusion
Polymers with triple-shape functionality might enable applications in various fields because their properties can be adjusted over a wide range. Two examples for potential applications are visualized in Fig.  5 using the CLEG network. In Fig. 5a , a tube that can sequentially expand and contract is shown, which demonstrates that the two subsequent shape changes are not necessarily unidirectional. This technology could enable the design of a removable stent (Movie 1, which is published as supporting information on the PNAS web site), which can be inserted in the body in a compressed shape (A). When placed at a desired position, the device can be expanded to shape B and at a later point in time contracted to shape C to facilitate removal. T trans,B and T trans,A can be adjusted to the demands of a specific application by variation of the molecular weight of PCLDMA and PEG monomethylether-monomethacrylate. In Fig. 5b , an intelligent fastener is presented (Movie 2, which is published as supporting information on the PNAS web site) that can potentially be used in assembly technology to fix a specific component, e.g., a cable harness at positions that are difficult to access. The monolithic device (the manufacturing process, see Figs. 6-8, which are published as supporting information on the PNAS web site) is placed in a compact easy to handle form (A) to the right position that might be difficult to access. After unfolding and positioning (B) the anchors of the fastener open (C).
Materials and Methods
Synthesis. PCLDMA synthesized according to ref. 14 was mixed with the respective comonomer and melted in a vacuum oven. The melt was filled between two glass plates with a Teflon spacer having a thickness of 0.5 mm, photocured with a System F300M (Fusion UV Systems, Gaithersburg, MD) equipped with a high-pressure mercury lamp at a light intensity of Ϸ122 mW⅐cm Ϫ1 . The distance between lamp head and sample was 25 cm. The samples were finally extracted with chloroform.
DSC. DSC experiments were performed on a DSC 204 (Netzsch, Selb, Germany). All experiments were performed with a constant heating and cooling rate of 10 K⅐min Ϫ1 for the detection of glass transitions and with 1 K⅐min Ϫ1 for the detection of melting transitions. Whenever a maximum or minimum temperature in the testing program was reached, this temperature was kept constant for 2 min. The CLEG networks were investigated in the temperature range from Ϫ100°C to 80°C. The sample was heated from 20°C to 80°C, then cooled down to Ϫ100°C and again warmed up to 80°C. The transitions were determined from the second heating run.
Dynamic Mechanical Analysis at Varied Temperature. The determination of the dynamic mechanical properties was performed on an Eplexor 25 N (Gabo, Ahlden, Germany). All experiments were performed in temperature-sweep mode, with a constant heating rate of 2 K⅐min Ϫ1 . The oscillation frequency was 10 Hz. MACL networks were investigated in the temperature interval from Ϫ100°C to 100°C. T g,PCHMA was determined from the maximum peak temperature of the tan␦ curve.
Tensile Tests and Cyclic, Thermomechanical Experiments. These experiments were carried out on a Z005 (Zwick, Ulm, Germany) for CLEG networks and a Z1.0 for MACL networks equipped with thermochambers controlled by Eurotherm control units (2216E for the Z005 and 2408 for the Z1.0, Eurotherm Regler, Limburg, Germany). Load cells suitable to determine maximum forces of 200, 100, and 20 N were used depending on samples and temperature. Films were cut into standard samples (ISO 527-2/1BB) and strained at an elongation rate of 10 mm⅐min Ϫ1 .
In a triple-shape experiment (Fig. 3a) , the sample is stretched at T high from C , where the elongation corresponds to shape C, to B 0 . Cooling with a cooling rate (␤ c ) of 5 K⅐min Ϫ1 to T mid under stress-control results in Bload . Unloading after 180 min for CLEG networks and 30 min for MACL networks leads to B , which is shape B. The sample is further stretched to A 0 and cooled to T low under stress-control with ␤ c ϭ 5 K⅐min Ϫ1 , whereas the elongation decreases to Aload . Shape A, corresponding to A , is obtained by unloading after 10 min for CLEG networks and 20 min for MACL networks. The recovery process of the sample is monitored by reheating with a heating rate of 1 K⅐min Ϫ1 from T low to T high while the stress is kept at 0 MPa. The sample contracts to recovered shape B at Brec , which is defined as the elongation at the minimum contraction rate. Continued heating finally leads to recovery of shape C at Crec . This cycle is conducted five times with the same sample.
